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ABSTRACT

The Brock version of the Split-Ste Fast Fourier

Transform (SSFFT) and the Jeager version of the Implicit

Finite Difference (IFD) acoustic parabolic equation models
are compared with a Lloyd mirror interference pattern in the

range domain. The SSFFT displays the inability to place the

transmission loss nulls at the correct ranges. It is also

unable to utilize bottom loss information correctly. The

.ID produced nulls at the correct canes; however, it

inserted an unacceptable amount of noise except when small
(1 m) vertical grid steps were used and the pressure release
bottom was placed at extended depths. In shallow water

cases, the IFD is able to properly represent the pressure

information. Each model is explored in the wavenumter

domain by use of a "Waver.umber Technique" (iT) model with

emphasis on source depth determination. The source depth

may be deterained by measuring the distance between the
ejually spaced nulls in the wavenumber representation.

Neither acoustic model was able to provide accurate source

depth information when the null spacings were compared to a

known source-depth determination carve. Since the nall
spacings were not uniformly spaced, this was to he expected.

Some specific problem areas in the models were identific by
the use of the WT.
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I. INTRODUCTION

Conventional methods used to represent under-ater sound

transmission have depicted transmission loss (d3) as a func-

tion of range in either tabular or graphical form. Since

the interest was in determining quantities such as range of

bottom bounce, convergence zones, and probability of

detection, these methods proved very satisfactory. However

when it became necessary tc compare various underwater

acoustic propagation loss models with each other or actual

in-situ experiments, they provided the analyst with less

than adequate insight into the causes for the observed

errors in the various models outputs. Furthermore, interest

has been generated in analyzing the received signal for
information from the sound source which cannot easily be

induced from transmission loss as a function of range.

One method, the PFavenamber Techniiue (W!T), described by

F. R. DiNapoli of NUSC [Ref. 1] and applied by Richard Lauer

of NORDA [Ref. 2], provides more information for model

comparisons and may have the capability of determining sound

source depth and range from the receiver in certain cases.

DiNapoii used an analysis of acoustic yropagation in the

wavenumber domain as an intermediate step in getting the

transmission loss curve in the Fast Field ?rogram ( FP).

Lauer studied the wavenumber domain information -rom the FFP

and concluded that source localization mignt be 2ossible.

B. 3. Stamey [Ref. 3] investigated the potential for deter-

mining the source depth by using the Brock Split-Step Fast

Fourier Transform (SSFFT) [Ref. 4] parabolic eiuation model

with the "Wavenumber Technique" ( T) model. His preliminary

investigation involved the use of isospeed and ASTREX sound

speed proliles with a fuliy aasorbing bottom, varied

source/receiver combinations, and multiple freguencies.H 1



The present investigation uses two acoustic azaLo I

equation zodels for comparison with theoretical Lloyd mirror

depictions, ind the effects of observed inconsistencies in

predicted transmission loss curves on the calculated results

from application of the WT model. An analysis of the sensi-

tivity in determining sourze depth based on model output is
attempted to ascertain possible use in naval operations.

To facilitate a straight-forward analysis of the results

and evaluation of the WT technique for the cases studied,

only a selected number of the various computer runs are

included. July those curves wnica best illustrate the

effects revealed oy this research are presented.

12
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I "i II. _WAVENUN.AR TCBNI12E (gT)

-" . BACKGROUND (LLOYD MIRROR)

[ The VT can be elucidated with the help of the classical

> Lloyd mirror effect [Ref. 5 ] which describes the interaction
€i 4 tetween direct path and surface reflected sound signals from

P-"the same continuous wave (CW) source. Figure 2.1I illus-
Strates the geometry involved in the Lloyd mirror effect.

d'h

4.

Figure 2.1 Llod iror Geometr.
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The ccmplex pressure (P) can be expressed by

P=A [4e-jk1 e )(egn 2. 1)

* when r i and r. are related by

, s -R - -R 1 ' (d~h )1  (egn 2.2)
G., • R+dh ; =4' dh)

with the assumption ri- rs the pressure amplitude (p) can be

approximated by

.n. 2fhd m=1,2,3,.. (eqn 2.3)
. Rm mC "

q. -

The interaction between the direct path and surface

reflected waves produces constructive and destructive inter-

ference which is manifested as peaks and nulls for the in

phase and out of phase conditions respectively. Figure 2.2

was produced by using equation 2.3. The null locations can

be obtained by the relationship.

2 A k khd

PC. R (en 2.4)

When equation 2.3 is expressed in the aorizontal wavenumber

domain (kr), the details of the resultant functional depen-

dency on horizontal wavenumber yield useful information.

Em
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B. PBYSICAL PROCESS

The WT is a process by which the complex pressure wave

(with range dependent amplitude and phase) is transformed

into the spectral density as a iunction of the horizontal

wavenumber. The use of the WT in the operational environ-

ment would reluire a quadrature demodulation of the source

signal to attain the complex pressure. The guadrature

demodulation process can best be defined by the illustration

in figure 2.3 [Ref. 6].

- 2cos ([tt)

SLP Acos[(&J-C4)t.x]

N

N

-p.-2sin ([t)

Figure 2.3 Quadrature Demodulation of a Signal.

When acoustic models are used to simulate the environment,

,/ the requirement to perform a quadrature demodulation is

- eliminated since the complex pressure is directly



accessible. In actuality, acoustic parabolic equation

models provide the complex envelope function (U) which must

be multiplied by the Hankel function in order to ottain the

complex pressure. The acoustic wave is written in the form

P=UHo(')(k r)e 0JWt (eqn 2.5)

where the reference wavenumter is defined by

koz -(eqn 2.6)

and

U=U(rz) (eqn 2.7)

is the solution to the appropriate parabolic equation. Ihe
Icomplex pressure is corrected for volume attenuation and

Fourier transformed to attain the spectral density. A plot

displaying the results graphically with the horizontal wave-

number on the x-axis and the normalized spectral density on

the y-axis is constructed and the spacings between the nulls

measured. Figure 2.4 [from Ref. 2] is an example of the WT

for a source and receiver in the same type of water mass.

Since the Lloyd mirror field in the wavenumber domain is

given by [Ref. 2]

F(k) - sin(IOZ-) e j(IZ,) (eqn 2.8)

17
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an alternative formulation [Ref. 2], which produces evenly

spaced nulls, is obtained by converting the horizontal wave-

number to beta

2 2 (egn 2.9)
ke-k.

By using beta instead of the horizontal wavenumber, the

distance, delta beta, between any two nulls can be used to

ascertain the source depth by

-Z6 (eqn 2.10)

as illustrated in figure 2. 5.

The application for implying the method of images, in

isospeed cases, to describe the etfects of a perfectly flat

pressure release boundary can be justified by inspection.

Therefore the parabolic equation can be used to produce the

Lloyd's mirror effect and surface lecoupling is not an

issue, cf. Chapter 4 of Brekhovskikh [Ref. 7].

When the WT is implemented, care must be exercised to

ensure that the complex pressure contains an adequate number

of points to describe the shortest periodicity in the pres-

sure field. This will preclude the possibility of aliasing

in the wavenumber domain. The real and imaginary elements

of the pressure signal must be modified so that the signal

begins and ends with zero values. This modification is

necessary because the pressure signal must represent a

repetitive oscillation for the transform. the complex pres-

sure array is zero-filled beyond the data in order to

generate an array which his the length of a power of 2 for

the Fast Fourier Transform (FFT) . The norizontal wavenumber

increment is generated within the computer code by

i.s
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III. ACOUSZT MODEL ANALYSIS

A. PARkBOLIC EQUATICN

The elliptical wave eguation can be approximated by a

parabolic equation (PE) when it is assumed that the envelope

function varies slowly with range. A detailed mathematical

description of the PE from an acoustic point of view is

presented by DeSanto [Bef. 8 and 9] and a simpler but less

general description can be found in Coppens [Ref. 10). The

parabolic equation has the form

. 2..

U 2jko( (k2 -k)U 0 (eqn 3.1)
az a3r0

.7 where it is assumed that the pressure has the form of equa-

tion 3.2,

p =U(r,z)S(r) (eqn 3.2)

S(r) represents the primary radial dependence of the tield

in terms of an outward propagating cylindrical wave of the

form [Ref. 4]

S(r)= ( kor) (eqn 3.3)

If it is assumed that the range of interest is many wave-

lengths from the source; then the asymptotic form of the

Hankel function (equation 3.4) can be used [Ref. 11].

22
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H zV~~k 2 jk or - r4) k. kr 1 (egn 3.4)

Two PE models, the Brock version of the Split-Step Fast

Fourier 'Transform (SSFFT) and tiie Jeager version of the

implicit Finite Difference (IFD) were investigated for

coapatibility with the WT in determination of source depth.

B. SSFFT

1. Tran.- Loss Coparison with Lloyd .irror

'To analyze sound waves in the wavenumber domain, we

needed a model to provide the pressure as a function of

range. Initially the SSFFT model [Ref. 4] was selected

This model generates successive values for U as a function

of range with the help of the algorithm

U(r1r, z) = e jork*(n2 -1X'2

(eqn 3.5)

FFT'{jark2/2k FFT(U(r,

. This model was a natural choice since it was the model used

in the preliminary study dealing with the determination of

the source depth by the WT [Ref. 3]. However, it soon

became apparent that this model's inherent weaknesses would

require the consideration of another model if ocean bottom

Sinteractions ere to be studied. These weaknesses, and

their impact upon the WT, will be discussed shortly.

U The SSFFT is a range dependent acoustic wave model

which, for this analysis, will be operated in a range inde-

dpendent manner. In other words, only one sound speed

profile will be used, the water mass will be assumed homoge-

neous, and the bottom flat. To facilitate the study of the

SSFFT model, the source code of the fodel was modified to

generate the variables required for follow-on programs to

23
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transform the pressure information and then disi:; 1 .

results graphically. A copy of tue source code listzn :o:

each program is provided in appendices A, B, and C. -3

programs were then linked by Job Control -Language (321) so

that the WT graphics were in automatically executel.

A test run of the SSFFI was made for 1)) az, 5J0 n

source and receiver depths, 0.019 ka range step, f i11y
absorbing bottom, 2000 m water depth, and an isos;eed

profile at 1500 m/sec. Tnese values were chosen so that a

comparison could be made with the tnaoretical Lloyd mirror

transmission loss (figure 2.2). The output was dis.layed as

a transmission loss curve (figure 3.1). From equation 2.4,

the Iccation 3f null number 1 (RI) should be 33.33 km and

null number 2 (R2) should be at 16.67 km. The SSFFT placed
R1 at approximately 38.3 km and R2 at 17. 1 km. Since the

model kept the frequency, source depth, and receiver d-ta

constant, then this equates to a reference sound speel of
1305 and 1462 m/sec respectively. it is apparent that as

the range decreases the error is reduced which indicates tae

possibility of a problem in the range step section of the

model which leads tc the introduction of a systematic and

increasing deviation of the calculated sound field from that

predicted by the classical Lloyd's mirror interference

pattern. T2a. "washing out" of the interference pattern for

ranges less than about 2 km is a resuilt of the particular

approximation of a point source used to izitiate the

program, which is tc be expected. Rather regular fluctua-

tions develop beyond about 30 km; from the geometry of the

case, it is plausible that this arises from interference
with bottom reflected signals.

hSS.
5 
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Another test was made using the same inputs as a'ov 

that the source and receiver were moved to a deptn o t I
(figure 3.2). Since the half beamwidth is 23 degr7-es ani

the bottom is fully absorLing, the snortest ran;- at h.a

surface reflection cculd occur is approximatel" 8.2 koi;

beyond this range, surface reflections should b. spacEd in

accordance with eguation 2.4. The nills bevond 2.2 km do

occur at the correct ranges; however, there are slow .odula-

tions of the overall transmission loss signal. These slow
modulations ace another indication tat the botton is not

fully ahsorbing as had been specified as input to the

program.
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2. iT Analysis

The WT output from the SSFFT model 's iL 1 7L .

units, waich is a problem when couparing diiferent modeis.

However, for this investigation tte proolem was minimlal. As

expressed by equation 2.6, the reference wavenumiber for 100
hz with a reference sound speed of 4921.26 ft/sec (1500

m/sec) is 0.1277 1/ft. After correction of tae reference

wavenumber for a range increment of 62.3 zt and the 2045

points used to reFresent tLe wavenumher spectrum, the

maximum beta value should be 0.l1246 1/ft whichi a eas

reasonably well with the maximum beta vilues inl figures 3.3
"- - 3.4, and 3.5. Contrary to theory the nulls are not equa2l

, spaced and the expected delta beta value o 0.00192 1/ft

(eluation 2.13) is nct represented by any of the null spac-

ings. Stamey [Ref. 3], observed the same non- anif orn

spacing of beta nulls. The reasoa wy the source denth is
not represeLted by any of the null spacings may be traced to
tae improper null placement in the raage domain. The lack
of equal spacing between the nulls must be attributed to

"' something else, possibly the pressure wave wis improerli

represented as a continuous signal or numerical errors e cast

within the source ccde. Whatever the reason foz this

difference, it must be resolved before the SSFFT can be used
with the WT to determine the source depth.
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C. IFD

1. Tansiission Loss Comparison with loyd "irror

The IFD model [Ref. 12] whicai was iastali,= .

tested in September 1983 at NPS [Ref. 13] was thl nEt zcl

chosen as a s3und source for the 6. /his decision was ..a

because the IFD was capable of properly handling the ocean

bottom interactions and was the only other acoustic P- model

-n residence at NPS. A copy of the source code listing is

provided in appendix I.

The iFD also presented problews which will ze

discussed further. The same initial test ran used witn the

SSFFT was used with the IFD. Since the IFD requizes More

" bottom information, additional testing was perfozaed in

order to obtain a fully absorbing Dottom. Figure 3.6 i.ilus-

trates the environment as seen by the IFD model.

, The densities in the Water mass, sediment, and arti-

ficial atteruation layer were set to a constant of 1.0 and

the attenuation in the sediment was adjusted until the eiia-

ination of bottom interference was observed. Fi~ure 3.7 is

an example of the IED transmission loss output for a 530 m

source/receiver depth, a water deptn of 2000 m, an upper

surzace of the artificial attenuation layer at 3000 m, and a

lower pressure release surface at 4000 :. The bottom atten-

uation used to produce figure 3.7 was 3.0016 d3/wavelength.
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Figure 3.6 ID Environaent.
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The locatioL :f the nulls in figure 3.7 coi.ciie with t

predicted by eguaticn 2.4 if the higi freIuency noise is

filtered out by either a running average process or low -ass

digital filter. A careful examination of the transiission
K. loss curve (figure 3.8) reveals the real problem, which i s

the long wavelength noise near toe wavelength of i. t rest.
..4 The long wavelength noise will cause erroneous spikes on the

WT plots after being Fourier transformed. Continued anal-

ysis revealed that the a3ise could be eliminated if the

thicknesses of the artificial attenaation layer and the
bottom pressure release surface are chosen so that they are

at least twice the water depth. Tne choice of a saall

vertical grid step will reduce the thicxness required for

the pressure release surface, but this version of the IFD

program is linited to 5000 vertical grid points due to soft-

ware restrictions. Figure 3.9 is a transmission loss curve

obtained from a 500 m source/receiver depth, a 2000 j water

depth, a 4003 m upper level artificial attenuation layer,

and an 8000 m bottom pressure release surface. Comparison

of figures 3.1 and 3.9 with the classical Lloyd's mirror

transmission loss (figure 2.2) snows that tne shape of the

curve beyond 30 km is greatly improved with the IFD. The

number of vertical grid steps was 5330. When the 17 is

used in a shallcw water situation and at 25 hz, the noise

does not appear ta be present. Figure 3.10 is a plot of the

transmission loss for a signal at 25 hz, witn the source/
receiver depth at 50 m, the bottom sloping up from 350 to 50

m, and an artificial attenuation layer and bottom pressure

release surface located at 750 and 1000 m, respectively.

The noise whizh was so evident in figure 3.7 is absent from

the shallow dater case. Producing the noise free curves

requires excessive computer time except for shallow water

cases.
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2. 1 Anal sis

To reduce the anount of the pzessure infrmai c n an

yet preserve the detais, the IFD tests were c-ucte
between 10 an 40 km in range. The reference wavtnunber for

tne test input with the LFD was 0. 4139 1/,a whic., atter

correcting for a range inzrement of 7.5 1 with 4396 pcints,

produced a beta maximum of 3.4188 1/mn. Figures 3.11, 3.12,

and 3.12 indicate agreement with the beta maximum and a

delta beta of 0.00623 1/m can be found among the null spac-

ings. ;hen the vertical grid step is reauce in size, the

output signal contains more information of finer detail.
The finer detailed information will, ': noise is present,

produce more zlutter on the WT depiction 3.13). In

numerous WT Iepiztiors a peak was observed at the minimum

and maximum wavenumbers. Stamey believed that the right aLd

left intensity maxima corresponded t3 beam elevation angles

of 0 and 30 degrees, respectively. de further stated that

the left maxima also may be reiated to ai.orithmic inaccura-

cies [Ref. 3]. The "U-sha~d phe.omenon" observeduring

Stamey's investigaticn of the 53F2, ti present wit.- t-e 7-
and the nulls are not equally spaced.
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IV. CONCLUSIONS

. Two Farahalic equation models, taa SSFFT and ITD, were

used to predict sound fields for comparison with the Lic;d's

mirror interference pattern in the ranae domaiit and tnen in

the wavenumber domain. In the range domain, the SSFFT

.mproperly handled the location of pressure nulls and

displayed bottom interference. while these weaknesses in

the SSFFT were absent in the IFD, the inadvertent and dele-

terious insertion of noise was extensive. In tae wavenu~ier

domain, the noise in the IFD was prohibitive in all but the

deep sediment and shallow water zases. The IFD produced

results which were ccmparable with the SSFFT when the noise

was not a factor. The range step and the bottom attenuation

algorithms of the SSFFT should be reviewed in order to

correct those problems described above. in the IF3, the

noise prcbler will require further investigation. If the

problem in tie IFD is not corrected, this model will be

severely limited. With the guidanze provided by Lauer

[Ref. 2], the wavenumber domain can provide tae detailed

information needed to luickly correct inconsistencies

observed between acoustic models. Therefore, the FT should
be investigated further to ensure that any software weak-

nesses are eliminated and a thorougn anderstaading, of the

process is assured.
* -. Experiments i n the operational environment should be

- planned to test the WT with actual sound sources. The ship-
board experiment could be easily accomplished since the WT

can be iaplemented on micro-computers if the pressure infor-

mation is provided from an outside source. The WT, if it is

going to be considered as a method to determine source

depth, appears to have three major saortcomings:

p ,45
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* - ~1. A clean Ci siqnal with phase iiaformation iz~~~

* tial, which will reguire guadrature demod Uat-,)n>.

extensive filtering.

2. Prediction nzodals are reqiuired which will p r ovi

*equally spaced beta nulls sa tnat softwariz can b'F

dEveloped to automate the process.

3. Hi;h resolution processing e~iuipment is n~ecessary

because the change in beta .spacin;frsalwsu'

sources is small (i gure 2. 5) .
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APPENDIX A: SSFFT SOURCE CODE (AT NPS)
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